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Abstract 
Over the past decade, both experimentalists and theorists have worked to develop methods to 
describe pigment-protein coupling in photosynthetic light-harvesting complexes in order to 
understand the molecular basis of quantum coherence effects observed in photosynthesis. Here 
we present an improved strategy based on the combination of quantum mechanics/molecular 
mechanics (QM/MM) molecular dynamics (MD) simulations and excited state calculations to 
predict the spectral density of electronic-vibrational coupling. We study the water-soluble 
chlorophyll-binding protein (WSCP) reconstituted with Chl a or Chl b pigments as the system of 
interest and compare our work with data obtained by Pieper and co-workers from differential 
fluorescence line-narrowing spectra (Pieper et al. J. Phys. Chem. B 2011, 115 (14), 4042-4052). 
Our results demonstrate that the use of QM/MM MD simulations where the nuclear positions are 
still propagated at the classical level leads to a striking improvement of the predicted spectral 
densities in the middle and high frequency regions, where they nearly reach quantitative 
accuracy. This demonstrates that the so-called "geometry mismatch" problem related to the use 
of low-quality structures in QM calculations, not the quantum features of pigments high-
frequency motions, causes the failure of previous studies relying on similar protocols. Thus, this 
work paves the way toward quantitative predictions of pigment-protein coupling and the 





1. Introduction  
  Photosynthesis is the process by which sunlight is captured and converted into chemical 
energy, ultimately sustaining the life of essentially all organisms on earth. Despite its importance 
to life, the actual mechanism by which photons are captured and their energy is passed among 
pigment-protein complexes toward reaction centers is still heavily debated. In particular, the 
recent discovery that electronic energy transfer (EET) in photosynthesis involves quantum 
coherence, or correlation between quantum states in multiple objects, has challenged the 
traditionally assumed Förster incoherent hopping mechanism.1–3 Understanding the molecular 
basis sustaining quantum coherence could lead to the design of more robust, affordable means to 
obtain renewable energy, e.g., a new generation of solar cells.4 Even if the impact of quantum 
coherence on light harvesting efficiency is still controversial,3 such knowledge could also be 
useful for designing quantum computing technologies, where a long-standing goal is to maintain 
coherences among qubits at room temperature.5    
 Researchers previously considered that quantum coherence could not be involved in 
photosynthetic light harvesting due to the thermal disorder present in biological systems. 
However, when coherences were observed to survive for hundreds of femtoseconds,6–8 it became 
evident that the protein environment and its structural dynamics play a critical role in the light 
harvesting process.2,9,10 In particular, quantum coherence seems to be intimately related to the 
structured nature of the protein environment, as opposed to the behavior of a random thermal 
noise that should favor decoherence. One hypothesis supposes that correlated fluctuations in the 
individual pigments electronic energy levels, or site energies, could give rise to long-lived 
coherences.7 Nonetheless, theoretical studies combining quantum chemistry and classical 
molecular dynamics (MD) simulations predict such correlations to be negligible.11,12 Another 
popular hypothesis emphasizes the coupling of protein vibrations to pigments excitations, which 
could support coherence in cases where the vibrational energy commensurates the energy gap 
among exciton states.13,14 
The emerging consensus suggests that EET in photosynthesis often occurs in an 
intermediate coupling regime. This implies that neither pigment-pigment nor pigment-protein 
interactions can be treated perturbatively when solving the dynamics of EET, as is done in the 
popular Förster or Redfield theories, because the magnitudes of these interaction strengths are 
similar. Much progress has been made to develop theoretical models simulating EET dynamics 
in the intermediate regime.3 That said, the outcome of these models critically depends on the 
tools used to parameterize the photosynthetic system at hand – namely, the site energies, the 
electronic couplings, and the spectral density of exciton-phonon coupling that quantifies the 
pigment-protein interactions. Whereas recent research has made substantial progress towards 
accurately determining model Hamiltonian parameters (site energies and couplings) both from 
theory and from experiment,15–17 the determination of the spectral density of individual pigments 
in a pigment-protein complex – the quantity needed to understand the molecular basis of 
quantum coherence – still presents a great challenge to the field, primarily since a large number 
of protein vibrations couple to many pigment electronic transitions over multiple timescales. 
Consequently, it is quite difficult to construct experiments in which the correlation between 
pigments electronic excited states and protein vibrational states can be discerned. Site-selective 
spectroscopies provide an appealing means to determine spectral densities; however, these 
techniques often only probe the lowest-energy fluorescing pigments in the complex.18  
An intriguing alternative to experiment is the theoretical determination of spectral 
densities. Several groups have contributed important advances in this direction.19–34 The typical 
technique involves the extraction of the spectral density from the Fourier transform of the 
autocorrelation function of site energy fluctuations, the latter estimated using mixed quantum 
mechanical/molecular mechanical (QM/MM) calculations performed along a classical MD 
trajectory.19,22,24 This strategy has been applied to several pigment-protein complexes by 
performing semi-empirical Zerner's intermediate neglect of differential overlap (ZINDO) or 
time-dependent density functional theory (TD-DFT) calculations in the presence of the protein 
atomic charges, which mimic the electrostatic influence of the protein on the pigments' excited 
states. Recently, we have explicitly accounted for protein polarization effects on the pigment-
protein coupling using a polarizable force field.31 Nevertheless, the spectral densities predicted in 
this way systematically show strongly overestimated peaks in the high frequency region of the 
spectrum, a problem often ascribed to the classical nature of the MD simulations performed, 
which prevents the capture of the quantum mechanical features of such high-frequency modes. 
Another limitation of this strategy arises from the "geometry-mismatch" problem, as low-quality 
geometries extracted from the classical simulation are used for QM excited state calculations. 
In this publication, we present an improved strategy based on the combination of semi-
empirical QM/MM MD simulations35 with polarizable QM/MMpol calculation of the excited 
state properties.36,37 We apply this novel approach to the prediction of spectral densities of Chl a 
and Chl b in class IIb water-soluble chlorophyll-binding protein (WSCP). Our results are 
critically compared with predictions from classical MD simulations as well as from detailed 
differential fluorescence line-narrowing data.38–40 They reveal that when the MD trajectory is 
obtained along a QM/MM potential energy surface, theoretical predictions can capture the 
intramolecular features characterizing the spectral densities of the chlorophylls in WSCP to a 
surprisingly high degree of accuracy.  
The term “WSCP” actually implies two different classes of proteins, of which there are 
multiple types. The WSCP complex studied here corresponds to class IIb WSCP from Lepidium 
virginicum (Virginia pepperweed), whose crystal structure was solved by Horigome et al.41 This 
structure is organized as a homotetramer, where each monomer binds one Chl a or Chl b 
molecule, as illustrated in Figure 1. This leads to a dimer-of-dimers organization of the 
chlorophylls. WSCP is not a photosynthetic protein but rather a chlorophyll carrier protein found 
in higher plants; its proposed function is to scavenge for and hoard chlorophyll when the plant 
experiences stress.41 The tractable size, dimer-of-dimer symmetry, presence of multiple 
pigments, and proximity of the chlorophylls within a dimer greatly simplify complexities that are 
observed in photosynthetic complexes, making WSCP a simple yet effective model to investigate 
in detail the role of pigment-pigment and pigment-protein interactions in photosynthetic systems. 
Most theoretical and spectroscopic studies, including steady-state spectra, transient absorption, 
difference fluorescence line-narrowing, and hole-burning experiments, have so far addressed the 
properties of class IIa WSCP,38,39,42–45 which binds up to two chlorophylls per complex. Only 
recently, 2D electronic spectroscopy experiments have also been presented for class IIb WSCP.46 
Some studies have shown that the crystal structure of class IIb WSCP can be used to describe the 
optical properties of class IIa WSCP, suggesting a similar Chl binding motif in both cases.47,48 
Following this idea, we adopt the class IIb crystal structure of WSCP to simulate the spectral 
density determined from differential fluorescence line narrowing by Pieper and co-workers38 on 
class IIa WSCP reconstituted with either Chl a or Chl b from cauliflower (Brassica oleracea var. 
botrytis). We then perform QM/MM as well as classical MD simulations to explore the ground-
state potential energy surface of the system and later process the trajectory with ZINDO excited-
state calculations based on the QM/MMpol approach we have recently developed,36,37 which 
accounts for mutual pigment-protein polarization effects in a self-consistent way, in order to 
extract the corresponding spectral densities of Chl a and Chl b in the complex. 
 
Figure 1. a) Structure of the water-soluble chlorophyll-binding protein. b) Detailed view of the 
four chlorophyll pigments. 
The paper is organized in the following way. First, the methods and computational details 
– the extraction of the spectral density from the autocorrelation function and the details of the 
MD and the QM/MMpol excited-state calculations – are presented. Next, the results for both 
WSCP with Chl a and WSCP with Chl b are shown and discussed. Finally, we provide the 
conclusions of our study and some perspectives on future developments for quantitative 
predictions of pigment-protein coupling in photosynthetic complexes.  
2. Methods 
2.1 Spectral densities 
The spectral density, J(ω), describes the frequency-dependent coupling strength among 
electronic transitions and matrix vibrations, including both intramolecular pigment and 
intermolecular environmental modes. For practical purposes, it is often decomposed into two 
contributions: 
  𝐽(𝜔) = 𝐽!(𝜔)+ 𝐽!"#(𝜔)      (1) 
where J0(ω) describes the coupling of the pigments' excitations to a continuum of low-frequency 
damping modes due to the solvent and the protein environment, and Jvib(ω)  accounts for the 
coupling with high-frequency modes, mostly coming from intramolecular pigment vibrations. 
The spectral density defines the total reorganization energy 
  𝜆 = !(!)
!
𝑑𝜔!!        (2) 
The complete spectral density J(ω) can be estimated by simulating the time evolution of 
the electronic transition energies (site energies) of the pigments, although it is difficult to capture 
very low frequency modes in J0(ω) because of the limited times currently affordable for such 
simulations. This strategy combines ground-state MD simulations and QM/MM excite-state 
calculations performed along the trajectory. Then, the spectral density of a given pigment i can 
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where 𝛽 = 1 𝑘!𝑇  and  𝐶!!"(𝑡) is the classical autocorrelation function of fluctuations in the 
site energy of pigment i: 
  𝐶!!"(𝑡!) =
!
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𝛥!!!!!! 𝐸! 𝑡! + 𝑡! 𝛥𝐸! 𝑡!      (4) 
The expression in Eq. 3 has a classical pre-factor introduced to negate the temperature 
dependence of the classical correlation function, thus ensuring a temperature-independent 
spectral density.24  
In the following sections, we describe the classical and PM6 QM/MM MD simulations as well 
as the ZINDO QM/MMpol excite-state calculations used to estimate the spectral densities of the 
chlorophylls in WSCP. In all cases, snapshots were extracted from the trajectories every 5 fs, 
yielding 20,000 frames that correspond to a total MD time of 100 ps. For each structure, 
QM/MMpol excited state calculations were performed either for all four chlorophylls (classical 
MD) or for Chl a-1 and Chl a-2 (Chl b-1 and Chl b-2), the two chlorophylls described at the QM 
level (QM/MM MD). The autocorrelation function for each pigment was calculated using Eq. 4 
from the transition energy fluctuations computed every 5 fs, in order to capture the fastest 
oscillations, which have a period of ~20 fs. The autocorrelations were observed to decay within 4 
ps, so autocorrelation functions of 4 ps length were computed using the 100 ps window by 
shifting its initial time by 1 ps. These then were averaged to give the final function for a given 
pigment. To minimize the effects of the noise in the spectral densities, the final autocorrelations 
were multiplied by a Gaussian envelope of variance 𝜎! = 3.6  ×  10! fs2 to ensure they converge 
to zero.24 The high-frequency offset in the spectral densities was corrected with negligible effects 
in the low-frequency part by shifting the Fourier transform before its multiplication by the pre-
factor.28,29 
Here our theoretical estimates are compared to the experimental differential fluorescence line-
narrowing (ΔFLN) data measured by Pieper and co-workers.38,39 In these experiments, both the 
continuous J0(ω) and the discrete Jvib(ω) components of the spectral density were estimated. In 
order to model J0(ω), however, the log-normal expression and the corresponding parameters 
introduced by Kell and co-workers to describe the Chl a and Chl b WSCP ΔFLN spectra 
(parameters reported in Table 1 of Ref. 40) are used; such an approach has been shown to 
describe better the phonon spectral density of different photosynthetic complexes compared to 
other expressions commonly used. On the other hand, the discrete Jvib(ω) component is modelled 
as a collection of damped quantum harmonic oscillators using the vibrational frequencies and 
Huang-Rhys factors derived from the ΔFLN spectra (reported in Table 1 of Ref. 38). The 
complete experimental spectral densities were thus modelled using the following expressions: 
𝐽!"#(𝜔) = 𝐽!
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where 𝜔! is the cutoff frequency, σ! the standard deviation, and  S! the Huang-Rhys factor for the 
phonon contribution i. The discrete oscillators have frequencies 𝜔! with associated damping 𝜐! 
and reorganization energy 𝜆! = 𝑠!𝜔!. The associated damping 𝜐! was set to 16.5 cm-1 in order 
to reproduce the overall Huang-Rhys factors 0.80 and 0.74 measured for the vibrational profile 
when Eq. 2 is applied to the set of discrete vibrations of Chl a and Chl b WSCP, respectively 38. 
2.2 Molecular dynamics simulations 
The Chl a and Chl b WSCP simulation systems were based on the X-ray crystal structure of class 
IIb WSCP homotretramer reported at 2.0 Å resolution by Horigome et al. (PDB code 2DRE).41 
The four chlorophylls in the asymmetric binding sites of the crystal were assigned as Chl a 
molecules (Chl a WSCP), so for the Chl b simulations we substituted those with four Chl b 
molecules. The missing residues in the PDB file were carefully added by selecting appropriate 
rotamers for the side chain groups in order to avoid any steric clash with the neighboring amino 
acids. The structure is organized as a dimer of dimers, despite the sequence identity of the four 
subunits. Protonation states of all residues were determined by computing their corresponding 
pKa’s at neutral pH using the PROPKA3 server,49,50 indicating a standard protonation state for 
all residues. The system was solvated in a TIP3P water box (a truncated octahedron with a buffer 
zone of 12 Å) using the Leap module of the Amber 12 suite of programs.51 The protein was 
described using the parm99SB Amber force field.52 In the classical MD simulations, Chl a was 
described using the parameters developed by Zhang and co-workers53 based on a previous 
parameterization of bacteriochlorophyll performed by Ceccarelli et al.,54 with slight 
modifications. First, in Zhang's force field the four nitrogen atom types correspond to one ns and 
three nmh. In order to prevent a distortion of the in-plane position of the Mg atom occurring due 
to the nmh-mgc-nmh and nmh-mgc-ns angle bendings, a new nitrogen atom type was introduced 
(note that originally such bending angles had an equilibrium value of 90º, inappropriate when the 
two nitrogens involved are in opposite sides of the Mg atom, where this value should rather be 
180º). Second, a few missing dihedral terms for Chl a were added, and new atom types and 
parameters needed to describe Chl b were assigned based on the general Amber force field 
(gaff).55 Finally, the RESP charges for both Chls were estimated via the usual Amber RESP 
approach at the HF/6-31G(d) level using a geometry optimized at the B3LYP/6-311G(d,p) level 
of theory. The final system, which contained ~90,000 atoms, first underwent 50 ns of MD 
simulation at constant pressure (1 atm) and temperature (298 K) using standard coupling 
schemes using the Amber12 code.51 SHAKE was used to restrain all bonds involving hydrogen, 
an integration time step of 1 fs, periodic boundary conditions, the Particle Mesh Ewald approach 
to account for long-range electrostatics, and a non-bonded cutoff equal to 8 Å. Afterwards, the 
trajectory was extended for 100 ps, and the coordinates were extracted every 5 fs in order to 
obtain the 20,000 structures used in the subsequent QM/MMpol calculations. Since the fastest 
oscillations in the chlorophyll transition energies have a period of about 20 fs, 5 fs is a 
reasonable choice for the estimation of their fluctuations both in terms of accuracy and 
computational cost, as shown in previous studies.29,31 
For the Chl a-WSCP and Chl b-WSCP systems, 100 ps QM/MM MD simulations were run using 
the built-in semi-empirical QM/MM code available in Amber 12.35 These runs were started from 
the same point as the 100 ps classical trajectory, i.e., after 50 ns of classical MD simulation. The 
same conditions as for the classical MD were used, except the fact that Chl-1 and Chl-2 were 
described at the semi-empirical PM6 QM level of theory,56 whereas Chl-3 and Chl-4 molecules 
were described through the classical force field to make the simulations feasible. Dispersion and 
hydrogen bond corrections with PM6 were not implemented because there were no available 
parameters for Mg. Finally, a QM-MM cutoff (qmcut) of 8 Å was utilized. In simulations that 
use periodic boundary conditions, the QM/MM cutoff only applies to the division of interactions 
between "direct" and "reciprocal" parts, and 8 Å is the recommended value.51 As for the classical 
trajectory, 20,000 structures were extracted every 5 fs for the excited-state QM/MMpol 
calculations.  
2.3 Polarizable QM/MM calculations 
 Excited state calculations along the structures extracted from the MD simulations were 
performed using the polarizable QM/MM strategy developed to study excited states and energy 
transfer in heterogeneous environments.36,37,57 In particular, excited state calculations were 
performed for each chlorophyll, and the corresponding electronic couplings were calculated 
between the lowest-energy π→π* Qy states of the chlorophylls at the ZINDO level of theory.58 
For structures extracted from the QM/MM MD simulation, the excited state properties of Chl-1 
and Chl-2 were computed, but no electronic couplings were estimated because the other 
chlorophylls were treated classically. The QM/MMpol model employed here couples a 
polarizable classical description of the protein and solvent environment based on the induced 
dipole model with a QM description of the pigments excited states. This requires assignment of 
atomic charges and polarizabilities to all MM atoms, and mutual polarization effects among the 
QM and MM regions are solved during the self-consistent-field process and the excited-state 
environment response. A detailed description of the methodology can be found in previous 
publications.36,57  
Electronic couplings between the Qy states also were computed using the structures extracted 
from the classical MD trajectory. In particular, the couplings are estimated from the transition 
densities derived from the ZINDO QM/MMpol excited state calculations, using the following 
expression:36,37  
𝑉 = 𝑉!"#$ + 𝑉!"#        (8) 
 𝑉!"#$ = 𝑑 𝒓 𝑑𝒓!𝜌!!∗ 𝒓!
!
𝒓!!𝒓
𝜌!! 𝒓      (9) 




    (10) 
where 𝜌!/!!  indicates the transition densities of the interacting pigments, and 𝝁!!"# the induced 
dipoles describing the MM polarization response of the environment to a given transition 
density. The 𝑉!"#$ term describes the Coulomb interaction between the transition densities, thus 
representing an extension of the Förster dipole-dipole term that accounts for the shape of the 
interacting molecules. The 𝑉!"# term describes the environment-mediated contribution, which 
typically counteracts the 𝑉!"#$ term and therefore leads to an overall screening of the coupling. 
We can thus define an effective screening factor s as:37 
 𝑠 = !!"#$!!!"#
!!"#$
        (11) 
In all QM/MMpol calculations the AL parameters of the recent Amber pol12 polarizable force 
field to describe the protein MM region were adopted. For the water solvent, the POL3 model 
charges were used.59 To speed up the calculations, the water molecular polarizability (1.44 Å3) 
located on its center of mass was used instead of a three-point distributed polarizability model. 
Finally, in the QM/MMpol calculations the chlorophyll molecules not present in the QM region 
were described using the AL parameters from the Amber pol12 force field. In this case, a set of 
atomic charges either for Chl a or for Chl b consistent with the atomic polarizabilities were 
derived using the Polchat tool60 by fitting to the electrostatic potential of the molecules, which 
were calculated at the MP2/aug-cc-pVTZ level of theory based on a B3LYP/6-311G(d,p) 
optimized geometry. 
In the individual chlorophyll excited state calculations, the other three chlorophylls were 
described at the classical level, and similarly in the calculation of the electronic couplings, the 
two chlorophylls not involved in the interaction were also described classically. Water molecules 
were only included within 35 Å of the pigment(s) in the QM region, and atomic polarizabilties of 
MM atoms beyond 15 Å of the corresponding QM pigment(s) were set to zero. All QM/MMpol 
calculations were performed using a locally modified version of the Gaussian 09 code.61 
3. Results and Discussion 
3.1 Spectral densities of electron-vibrational coupling 
 In Figures 2 and 3 we report the spectral densities derived from QM/MM calculations 
performed over a classical or QM/MM MD trajectory for the WSCP complex reconstituted with 
either four Chl a or four Chl b molecules. These estimates are averaged over all chlorophylls in 
the complex (only Chls 1 and 2 when these are derived from the QM/MM MD simulations). In 
Figures S1 and S2 of the Supporting Information, we provide the spectral densities 
corresponding to every chlorophyll in the complex, which are very similar to the averaged curve 
in all cases. This is a manifestation of the anticipated similar environment surrounding each 
pigment. In addition, this finding suggests that the 100 ps window of the MD trajectory suffices 
to converge the primary characteristics of the spectral densities, except for very low-frequency 
modes, which arise from slow protein motions characterized by longer timescales, which would 
require longer simulations to resolve these features.  
In Figures 2 and 3, our predictions are plotted along with the spectral density measured by Pieper 
and co-workers from differential fluorescence line-narrowing spectra (ΔFLN) at 4.5 K for class 
IIa WSCP from cauliflower.38–40 Compared to previous reports of simulated spectral densities, 
the availability of ΔFLN data reporting the coupling strength of all vibrations in the frequency 
ranges of interest, i.e., from the environmental low-frequency region up to high-frequency 
intramolecular chlorophyll modes, allows us to critically assess the capability of the combined 
QM/MD strategy to describe the spectral density of this pigment-protein complex. Indeed, for 
Chl a the theoretical spectral density spans nearly the same range observed in the experiments, 
where the last peak appears at ∼1650 cm-1. However, for Chl b the simulated spectral density 
predicts two peaks at ∼1730 cm-1 and ∼1870 cm-1 at frequencies somewhat larger than 1681 cm-1, 
the highest-frequency peak observed in experiments. As discovered by other groups, simulations 
dramatically overestimate the coupling to high frequency intramolecular motions at ∼1600 cm-1. 
This problem, previously found in other pigment-protein complexes, has been largely attributed 
to the classical nature of the MD trajectory used, which neglects quantum features of such high 
frequency motions.17 As shown by Jing et al.26 the displaced equilibrium geometry of the 
pigments described by the classical force field compared to the corresponding QM one consistent 
with the excited state calculations leads to an overestimation of the coupling strength. The 
classical force field, however, can also misrepresent the distribution of vibrational modes, i.e. the 
position of the peaks, due to the simplicity of the force field energy function. Indeed, the rich 
structure of peaks observed in the 1000-1600 cm-1 range from ΔFLN spectra is lost in the 
simulated spectral densities, or at most strongly underestimated, with the exception of the 
exaggerated peak at ∼1600 cm-1 and the accurate peaks near ∼1550-1600 cm-1. The 
underestimation of the spectral density in the 1000-1600 cm-1 range thus seems to arise from an 
incorrect description of the position of the high-frequency vibrations, which incorrectly 
accumulate near ∼1600 cm-1 in contrast to experimental observation, rather than due to an 
incorrect description of the coupling strength due the geometry mismatch problem. This effect is 
clearly observed in the total accumulated reorganization energies shown in Figure 4, which 
abruptly increase near ∼1600 cm-1.  
 In sharp contrast, the simulated spectral densities at frequencies below 1000 cm-1 
reproduce the experimental curve surprisingly well, with the notable exception of the 
exaggerated peak at ∼280 cm-1 predicted in the Chl a WSCP complex, and the peak at  ∼660 cm-1 
in the Chl b complex. For example, the agreement both in terms of peak position and of coupling 
strength for the main peaks around 550 cm-1 and 750 cm-1 is unexpected in light of previous 
reports of simulated spectral densities. Based on previous studies, we believe that the improved 
agreement at frequencies below 1000 cm-1 could either arise because we adopt an improved 
description of the vibrations in the classical force field in order to describe the pigments or 
because our excited state calculations explicitly account for environment polarization effects. 
Thus, the middle and low-frequency motions of the chlorophylls seem to be quite accurately 
described by the classical simulations coupled to the QM/MM semi-empirical estimation of the 
excited states, though the modes beyond 1000 cm-1 are poorly described. 
The adoption of QM/MM MD simulations immensely improves the spectral density in the high-
frequency region (750-1500 cm-1), as shown in Figure 3. For the Chl a WSCP complex, all major 
experimental peaks in this range are observed with a corresponding peak in our simulations, 
although the intensity of some peaks is strongly overestimated, most notably at ∼800 cm-1, ∼840 
cm-1, ∼920 cm-1, and ∼990 cm-1. In contrast to the simple force field energy function, thus, the 
PM6 QM/MM method seems to recover the proper distribution of pigment intramolecular 
vibrations in this frequency range suggested by experiments. There is a high degree of matching 
in terms of both frequency and intensity for ∼1150 -1500 cm-1. Nevertheless, some high-
frequency peaks are still inaccurate. In particular, the feature at ∼1550 cm-1 overestimates the 
electron-vibrational coupling, and the strong peak at ∼1750 cm-1 is not observed by experiment. 
In sharp contrast, the description of the low and mid-frequency regions (50-750 cm-1) degrades 
considerably compared to the results derived from the classical MD simulation. In this case, the 
QM/MM MD simulations lead to an overestimation of the spectral density at low frequencies, 
especially in the case of Chl a WSCP. This problem suggests an underlying geometry mismatch 
problem in this strategy due to the use of the PM6 Hamiltonian to generate the QM/MM 
trajectories and the use of a different method, the ZINDO method, in the excited-state 
calculations. Because this overestimation mainly occurs in the low-frequency range, where 
intermolecular pigment-protein interactions can considerably impact the spectral density, we 
rather think that the overestimation arises due an additional problem, the misrepresentation of 
pigment-protein interactions along the QM/MM MD trajectory. Such misrepresentation is not 
unexpected, and it arises from an unbalanced description of the QM/MM boundary, since the 
QM/MM boundary adopts classical dispersion and repulsion Lennard-Jones parameters 
developed in the context of the Amber classical force field. Thus, they are balanced with a point-
charge description of electrostatics to properly describe intermolecular interactions. However, in 
the QM/MM boundary, electrostatics are described as the interaction between the point charges 
of the MM region and the QM nuclei and electrons, so the Lennard-Jones parameters should be 
recalibrated in order to correct for this change in the treatment of electrostatics. 
For the Chl b WSCP complex, the adoption of QM/MM MD simulations leads to an astonishing 
agreement between theory and experiment, in this case over the whole low, middle and high 
frequency ranges, with the only exception of the peak appearing at about ∼1800 cm-1, missing in 
the experimental curve, and also a non-negligible overestimation of the low-frequency features 
arising from the unbalanced treatment of the QM/MM boundary, as discussed previously. For 
example, the major peaks in the experimental curve at ∼1300 cm-1, ∼1400 cm-1, and ∼1550 cm-1 
are in excellent agreement with our simulations both in terms of frequency and electron-
vibrational coupling. This is very encouraging, especially considering the use of semi-empirical 
QM methods both for the MD simulation and the excited-state calculations, which gives room 
for considerable improvements. Indeed, the PM6 method still suffers from important errors 
associated to the description of equilibrium geometries, dipole moments and noncovalent 
interactions,62 and all of these errors can introduce important noise in our predictions. 
Unfortunately, improvements in this direction, like the introduction of explicit hydrogen-bond 
and dispersion corrections in PM6,62 could not be adopted in this study due to the lack of 
parameters for Mg. The limitations of the PM6 method probably originate the exaggerated peaks 
predicted at ∼1750-1800 cm-1 both for the Chl a and Chl b WSCP complexes in the QM/MM 
MD results. Overall, we think that the adoption of more accurate density functional theory (DFT) 
methods in the QM/MM MD simulation, given that linear-scaling codes able to tackle large 
systems are becoming increasingly common, and the recalibration of the Lennard-Jones force 
field parameters for the description of the QM/MM boundary are expected to lead to a better 
quantitative accuracy in predicted spectral densities.  
It is also worth recalling that the experimental spectral density was determined at 4.5 K 
for class IIa WSCP complexes, whereas our simulations are performed on class IIb WSCP at 
room temperature. Moreover, the QM/MM MD simulations adopted in this study are still 
classical in nature, but the forces are integrated over a QM/MM potential energy surface in order 
to describe the nuclear motions. Therefore, the improved QM/MM MD results suggest that the 
main problem in the popular QM/MD strategy is related to the geometry mismatch among the 
structures extracted from the MD trajectory and later used for QM excited states calculations, not 
to the quantum features of high-frequency vibrations, as these are not captured either by the 
classical or QM/MM simulations presented here.  
Finally, we note that recent studies remark the key role that vibrations commensurating 
the energy difference among exciton states have in energy transfer dynamics and quantum 
coherence effects observed in photosynthetic complexes.1413 In Figure 5 we provide a detailed 
comparison of the spectral densities predicted in this study in the 0-200 cm-1 range, not clearly 
visible in the previous figures, given that exciton states often have energetic differences in this 
energy region. The overall intensity of the spectral density in this range is comparable to 
experiment in the classical simulations, but it is exaggerated in the QM/MM results, an effect 
clearly seen in the total accumulated reorganization energies shown in Figure 4. As previously 
discussed, this overestimation most probably arises from inaccuracies related to the description 
of the QM/MM boundary in the QM/MM MD simulations. In the classical simulations, however, 
the spectral features in this energy range still do not accurately match the experiments. This is 
not unexpected given the limited 4 ps simulation times used to compute the autocorrelation 
functions in the derivation of the spectral density. Clearly, much longer simulation times would 
be needed to resolve the very low frequency features (<100 cm-1).  
The quality of the overall predicted spectral densities can be judged by inspection of Figure 4, in 
which we provide an estimate of the total accumulated reorganization energies as a function of 
the vibrational frequency range used for the integration. In the theoretical estimates based on 
classical MD trajectories, the agreement with experiment is excellent up to ∼1000 cm-1, 
illustrating the fact that the pigment-protein coupling is described better than in QM/MM 
simulations, probably due to the inaccuracies in the QM/MM boundary parameters previously 
discussed. After ∼1000 cm-1, however, the slope of the curve is better when the QM/MM MD 
trajectories are adopted, whereas the classical MD curves show a flat trend until ∼1600 cm-1, 
when the strongly exaggerated peak observed in the spectral densities gives a step-like increase 
in the reorganization energy not observed in the experimental counterpart. As we argue 
previously, this suggests that the classical force field is unable to describe the smooth 




Figure 2. Spectral densities estimated from QM/MMpol excited state calculations performed 
along classical MD simulations compared to experimental ΔFLN data.38–40. a) Chl a WSCP; b) 
Chl b WSCP.  
 
 
Figure 3. Spectral densities estimated from QM/MMpol excited state calculations performed 
along QM/MM MD simulations compared to experimental ΔFLN data.38–40. a) Chl a WSCP; b) 






Figure 4. Total accumulated reorganization energy integrated from the spectral densities 
estimated from classical and QM/MM MD simulations compared to experimental ΔFLN data.38–




Figure 5. Detailed view of the spectral densities estimated from QM/MMpol excited state 
calculations performed along classical and QM/MM MD simulations in the low-frequency range 
and compared to experimental ΔFLN data.38–40. a) Chl a WSCP; b) Chl b WSCP.  
 
3.2 Excitonic parameters 
The relative simplicity of WSCP compared to other pigment-protein complexes makes it a 
logical system for benchmark studies for the improvement of energy transfer and spectral 
modeling theories. Multiple groups have contributed with different studies on WSCP.38,39,42–48 In 
particular, Pieper and co-workers have provided an estimate of the electronic coupling between 
the Chl-1 and Chl-2 pigments both for class IIa WSCP complexes reconstituted with Chl a and 
Chl b from spectral hole-burning experiments.39 In particular, by assuming that both Chls have 
the same site energies, they derived V12 coupling values of 100 cm-1 and 85 cm-1 for Chl a and 
Chl b WSCP based on the difference of satellite hole positions, which should equal the excitonic 
splitting 2V12. If the simulated V12 and V34 values shown in Table 1 are averaged, the splitting is 
186 cm-1 and 150 cm-1 for the Chl a and Chl b systems, respectively, assuming that Chl pairs 1-2 
and 3-4 are symmetric in the homotetramer structure of class IIb WSCP. These estimates, which 
account for the dielectric screening effects exerted by the protein environment, thus overestimate 
the experimental values by nearly a factor of 2. This discrepancy in part arises from the 
exaggeration of the transition dipole moment of the Qy Chl a and Chl b transitions. As reported 
in Table 2, our ZINDO QM/MMpol calculations predict an average transition dipole of 8.8 and 
7.4 Debye for Chl a and Chl b, much larger than the values 4.0 and 3.6 Debye derived from the 
analysis of experimental data performed by Knox and Spring assuming a Lorentz effective field 
factor.63,64 We note here that this analysis assumes that dipole strengths among different 
environments only change due to effective field factors (i.e. that the dipole is nonpolarizable), 
but not due to different intrinsic dipole strengths of the chlorophylls in the different 
environments, which are assumed to be the same and referred to as "vacuum" dipole strengths in 
a somewhat misleading term. Thus, we can directly compare our predicted ZINDO dipole values, 
which include polarization effects due to the surrounding environment, with the "vacuum" values 
derived by Knox and Spring analysis. Correcting the couplings in order to reproduce the 
effective dipole strength from this analysis would lead to quite small coupling values of 38 cm-1 
and 35 cm-1. Without dielectric screening effects, these would become 64 cm-1 and 58 cm-1, 
rather similar to the 77 cm-1 and 69 cm-1 estimated by Renger and co-workers using the same 
chlorophylls effective dipole strength.47 Moreover, we note that in our simulations the average 
angle among dipole moments, 28.0º (27.0º Chla-1/ Chla -2, 29.0º Chla-3/ Chla-4) and 37.5º 
(33.6º Chla-1/ Chla-2, 41.3º Chla-3/ Chla-4), are in excellent agreement with those derived 
recently by Dinh and Renger (30º and 39º), where also an increase of ∼9º was needed in order to 
describe the changes among Chl a and Chl b WSCP spectra.48 This variation arises from changes 
in the orientation of the Chl b dipole moment with respect to that of Chl a . These changes are 
due to the differences in electronic structure of the pigments, not the changes in the Chl dimer 
"open sandwich" structure; indeed, the “open sandwich” structure, or an angled gap between 
chlorophylls in a dimer, is maintained at ~52-55º for both Chl a and Chl b. 
There are a few different possibilities for the disagreement among the experimental and 
predicted coupling value. The first possibility involves potential inaccuracies in the analysis of 
Knox and Spring, mainly related to the approximations underlying the Lorentz effective field 
factor, which only accounts for changes in the dipole strength due to effective fields but cannot 
describe changes in the intrinsic chlorophyll transition dipole arising from changes in the ground 
and excited states wave functions due to the surrounding environment, as discussed previously. 
For example, our ZINDO calculations predict a ∼25% increase of the transition dipole when 
passing from vacuum to the protein environment. In this regard, our calculations would require 
an effective dipole of 6.5 and 5.6 Debye for Chl a and Chl b in order to reproduce the 
experimental coupling estimates.  
Another reason for the mismatch could be due to inaccuracies in the dielectric screening effects 
as described by the QM/MMpol method. Indeed, the factor of ∼0.60 describes a strong 
attenuation of the interaction, suggesting an effective optical dielectric constant (the inverse of 
the screening factor) equal to 1.66 for the Chl-1/Chl-2 interaction in both Chl a and Chl b WSCP 
complexes. We note here that this screening factor is well converged, since a screening factor of 
~0.60 can be obtained using a larger polarization cutoff of up to 30 Å. Interestingly, the 
heterogeneous polarizable nature of the environment is reflected in the screening effects 
experienced by other pigment pairs, in the range 0.3-0.5, which describe effective dielectric 
constants in the range 2-3, as found for other pigment-protein complexes.37,65  
Lastly, another potential problem is the assumption of equal site energies in the experimental 
estimate derived from excitonic splittings.39 If the best coupling estimates are taken as 38 cm-1 
and 35 cm-1, which include dielectric screening effects and are consistent with Knox analysis, an 
asymmetry of about ∼150 cm-1 would be needed to reproduce the experimental excitonic 
splittings. Such asymmetry could arise due to different packing of the phytyl chains in the 
hydrophobic pocket.41 Indeed, our simulations predict energy differences among Chl-1/Chl-2 or 
Chl-3/Chl-4 of ∼100-150 cm-1, as shown in Tables 2 and 3, corresponding to the results derived 
from classical or QM/MM MD simulations. These smaller values for the electronic coupling (38 
cm-1 and 35 cm-1), however, could possibly not explain the strong redistribution of oscillator 
strength toward the high-energy exciton state observed experimentally, so a robust estimate of 
the potential asymmetry among site energies should be explored by accurate simulation of the 
spectral line shapes in future studies. 
 
Table 1. Average electronic couplings (cm-1) calculated for the Chl a and Chl b WSCP 






















Chl a WSCP Chla-1 Chla-2 Chla-3 Chla-4 
Chla-1 -- 183 15 31 
Chla-2 0.60 -- 31 9 
Chla-3 0.37 0.49 -- 188 
Chla-4 0.46 0.32 0.58 -- 
Chl b WSCP Chlb-1 Chlb-2 Chlb-3 Chlb-4 
Chlb-1 -- 145 10 17 
Chlb-2 0.62 -- 17 1 
Chlb-3 0.40 0.53 -- 154 
Chlb-4 0.50 --a 0.59 -- 
Table 2. Average site energies (cm-1) and transition dipole moments (Debye) calculated for the 



















Table 3. Average site energies (cm-1) and transition dipole moments (Debye) calculated for the 














 ΔE <µx> <µy> <µz> |<µ>| 
Chl a WSCP      
Chla-1 12334 4.545 -3.399 6.595 8.701 
Chla-2 12361 6.969 -0.353 5.369 8.804 
Chla-3 12373 -6.545 3.946 -4.418 8.827 
Chla-4 12158 -5.772 0.295 -6.859 8.969 
Chl b WSCP      
Chlb-1 12911 2.892 -6.151 -2.498 7.241 
Chlb-2 13049 4.898 -5.485 1.197 7.451 
Chlb-3 12920 -4.756 4.184 3.949 7.464 
Chlb-4 13014 -5.763 4.592 -1.204 7.466 
 ΔE <µx>  <µy> <µz> |<µ>| 
Chl a WSCP      
Chla-1 15361 3.844 -4.035 4.706 7.294 
Chla-2 15360 5.101 0.970 5.474 7.545 
Chl b WSCP      
Chlb-1 15086 2.963 -3.743 -5.243 7.091 
Chlb-2 14975 3.331 -5.748 3.432 7.477 
Conclusion 
In this work, we have presented an improved strategy based on the combination of semi-
empirical QM/MM MD simulations with QM/MMpol excited state calculations to predict the 
spectral density of electron-vibrational coupling for a pigment-protein complex. This approach is 
applied to the prediction of spectral densities of class IIb water-soluble chlorophyll-binding 
protein (WSCP) reconstituted with either Chl a or Chl b pigments, and the results are critically 
assessed by comparison with detailed differential fluorescence line-narrowing data measured at 
4.5 K, as well as to predictions based on the usual MD/QM strategy based on classical MD 
simulations. The results show that the adoption of QM/MM MD simulations leads to a striking 
improvement of the predicted spectral densities in the middle and high-frequency regions, where 
the classical MD simulation is unable to capture the experimental features arising from pigment 
intramolecular vibrations. This demonstrates that accounting for the quantum features of the 
high-frequency pigment vibrations, neglected both in our classical and QM/MM simulations, is 
not critical in order to capture the characteristics of the spectral density, given that in the 
QM/MM simulation the propagation of the nuclear positions is still performed at the classical 
level but over a QM/MM potential energy surface. Instead, the so-called "geometry mismatch" 
problem related to the use of low-quality geometries described by a classical force field in the 
subsequent QM calculations is the origin for the poor description of pigment intramolecular 
features in spectral densities derived from classical MD simulations. In the WSCP complex, the 
classical force field adopted in this study misrepresents the distribution of chlorophyll vibrational 
modes in the 1000-1600 cm-1 range, thus leading to a strong underestimation of the experimental 
features observed in this spectral region. Nevertheless, the simulations still show important 
inaccuracies in the description of low-frequency features by using QM/MM MD simulations, 
probably related to an unbalanced treatment of Lennard-Jones dispersion-repulsion and 
electrostatic pigment-protein interactions in the QM/MM boundary, and suggest that Lennard-
Jones potentials should be re-parameterized in this case in order to be consistent with the 
QM/MM treatment of electrostatics in this boundary. Despite their shortcomings, these results 
are very encouraging, especially taking into account the relatively inaccurate semi-empirical 
level of theory used both for the QM/MM MD and the QM/MMpol excited state calculations. 
There is much room for improvement in such theoretical studies; for instance, adopting DFT 
methodologies could lead to even more accurate results.  
Finally, we provide an estimate of the site energies and the electronic coupling strength 
corresponding to the chlorophyll pigments in WSCP. The results suggest that the polarizable 
environment of the protein is quite heterogeneous, leading to a substantial range of dielectric 
screening effects as experienced by the different chlorophylls in the complex, with effective 
dielectric constants in the 1.5-3 range. We also critically compare our results with the 
experimental estimate of the electronic coupling in the strongly coupled dimer provided by 
Pieper and co-workers from spectral hole-burning experiments performed in class IIa WSCP by 
assuming symmetric site energies.39 The results indicate that effective dipoles equal to 6.5 Debye 
(Chl a) and 5.6 Debye (Chl b) in the WSCP complex are necessary in order to reproduce the 
experimentally observed excitonic splittings, assuming the sites indeed have equal site energies. 
Our simulations, however, suggest a slight asymmetry in the site energies of the Chl-1/Chl-2 and 
Chl-3/Chl-4 pigments on the order of ∼100-150 cm-1, which would then be compatible with 
effective dipoles equal to 4.0 and 3.6 Debye derived in previous studies and commonly assumed 
in the field. In future studies, the accurate value for such asymmetry in site energies should be 
investigated in detail by simulating the spectral line shapes of the complex. 
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